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We demonstrate that rotationally symmetric chiral metasurfaces can support arbitrarily sharp
resonances with the maximum optical chirality determined by precise shaping of bound states in the
continuum (BICs). Being uncoupled from one circular polarisation of light and resonantly coupled
to its counterpart, a metasurface hosting the chiral BIC resonance exhibits a narrow peak in the
circular dichroism spectrum. We propose a realization of such chiral BIC metasurfaces based on
pairs of dielectric bars and validate the concept of maximum chirality by numerical simulations.
Chirality refers to a global property of many systems
which do not coincide with their mirror images. Pho-
tonic structures made of chiral elements exhibit chirop-
tical effects such as optical dichroism for left and right
circularly polarized light, the property highly suitable for
chiral nanophotonics [1]. However, strong chiroptical ef-
fects are challenging to achieve, and strong resonances
of plasmonic structures [2] have been suggested for chiral
mirrors [3, 4]. Intrinsic chirality, i.e., chiroptical effects at
normal incidence, are prohibited in planar structures, but
can be observed in opaque metallic structures of complex
shapes [5] and dielectric layers facilitating chiral excita-
tion of higher-order multipoles [6].
Recently, all-dielectric metasurfaces have been em-
ployed to achieve sharp optical resonances empowered
by the physics of bound states in the continuum (BICs)
when light at the resonance remains localized in the
metasurface even though the state coexists with a contin-
uum of electromagnetic waves [7, 8]. In practice, BICs
are realized with high but finite quality factors due to
structural losses and imperfections, and they are usu-
ally termed quasi BICs (or q-BICs as termed below).
The BIC-inspired resonances in the symmetry-broken all-
dielectric metasurfaces are receiving attention for many
applications [9–11]. To date, all metasurfaces support-
ing q-BIC resonances were associated with the transition
between BICs and radiative continuum due to in-plane
symmetry breaking. However, to achieve the chiral re-
sponse, we need to manipulate the transition between
BICs and leaky resonances utilizing out-of-plane pertur-
bations, which allow controlling chiral properties.
In this Letter, we introduce the concept of highly trans-
parent chiral metasurfaces by shaping BICs into q-BICs
of maximum optical chirality delivering arbitrarily nar-
row peak of unit height in the circular dichroism spec-
trum. We propose a design based on dimers of dielectric
bars and validate the maximum chirality of its q-BIC
resonance by numerical modelling.
We consider a metasurface shown schematically in
Fig. 1, located in the xy-plane with the z-axis being
the N -th order rotational symmetry axis (CN symme-
try group). For N ≥ 3, all polarization transformations
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FIG. 1. Sketch of the transmission-reflection problem for ro-
tationally symmetric chiral metasurfaces described by the S-
matrix equation (2).
of incoming waves incident normally from both sides are
determined by the chirality. Assuming e−iωt time depen-
dence of all fields, we consider waves of certain helicity
polarized along the complex unit vectors:
e± = (ex ∓ iey)/
√
2. (1)
For waves propagating in the positive z direction, e+ and
e− correspond to the right circular polarization (RCP)
and left circular polarization (LCP) respectively. For
waves in the negative z direction, the opposite is true.
Most generally, this transmission-reflection problem is
described by an S-matrix equation (see Supplemental
Material [12]) relating the outgoing wave amplitudes b±
and b′± with the incident wave amplitudes a± and a
′
± as:

b+
b′+
b−
b′−
 =

r tL 0 0
tR r
′ 0 0
0 0 r tR
0 0 tL r
′


a+
a′+
a−
a′−
 , (2)
Fundamental principle of reciprocity together with the
rotational symmetry put substantial restrictions on the
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2metasurface transmission and reflection [13, 14]. In par-
ticular, there is no conversion of wave helicity (the prop-
erty known also as duality [15]), the RCP and LCP trans-
mission amplitudes, tR and tL respectively, are equal for
both sides of incidence along with the key optical param-
eters, optical rotation (OR) and circular dichroism (CD):
OR =
1
2
(arg tL − arg tR), CD = |tR|
2 − |tL|2
|tR|2 + |tL|2 . (3)
The reciprocity also determines that the reflection am-
plitudes r and r′ are helicity independent, which directly
relates the CD with the energy dissipation. Indeed, ab-
sorbed parts of the energy of incident RCP or LCP waves,
AR,L = 1 − |tR,L|2 − |r|2, determine that the transmit-
tance difference |tR|2 − |tL|2 = AL − AR arises due to a
difference in dissipation.
The inherent connection of the CD with dissipation
naturally determines a quantitative condition of maxi-
mum optical chirality: it is achieved when the metasur-
face is fully transparent for one circular polarization and
totally absorbs its counterpart.
To specify a feasible route to the maximum chi-
rality, we employ the phenomenological coupled-mode
theory (CMT) allowing expressing abstract scattering
amplitudes in terms of physically meaningful parame-
ters [16, 17]. Generalizing CMT for chiral metasurfaces
with plasmon [13] and dielectric [18] resonances repro-
duced their observed strong chirality and clarified its ori-
gin.
In CMT, transmission and reflection are split into
background and resonant channels with the latter de-
termined by excitation and irradiation of certain eigen-
states hosted by the structure. Note that the particular
eigenstate normalization is not required [17]. CMT yields
(see these and following relations derived in Supplemen-
tal Material [12]) the transmission amplitudes:
tR = τ −
m+m
′
−
i(ω − ω0)− γ0 , tL = τ −
m′+m−
i(ω − ω0)− γ0 , (4)
where τ is the background transmission amplitude, the
resonance frequency ω0 and damping γ0 are helicity inde-
pendent, and m± are the parameters of coupling of the
eigenstates to the waves of corresponding helicity inci-
dent on one metasurface side, and m′± are those for the
other side. Accordingly, the optical chirality (3) is de-
termined by the chirality of eigenstate coupling to the
free-space continuum.
All losses contribute to the damping γ0 = γd + γr,
where γd is its dissipative part, and the radiative part is
determined by the coupling:
2γr = |m+|2 + |m′+|2 = |m−|2 + |m′−|2. (5)
The difference of transmittances expressed as
|tR|2 − |tL|2 = 2γd |m−|
2 − |m+|2
(ω − ω0)2 + (γr + γd)2 , (6)
emphasizes the crucial role of dissipation for the CD.
Consider, for definiteness, how to maximize the optical
chirality by enhancing |tR| and suppressing |tL|. Eq. (4)
suggests to achieve the ultimate value |tR| = 1 by setting
|τ | = 1 and m+m′− = 0. The latter condition requires
uncoupling the eigenstate from waves of certain helicity
on a particular metasurface side.
For example, we set m+ = 0 and, according to (6),
|tL|2 = 1− 2γd |m−|
2
(ω − ω0)2 + (γr + γd)2 . (7)
with the minimum reached at the resonance, ω = ω0:
min |tL|2 = 1− 8γd|m−|
2
(|m−|2 + |m′−|2 + 2γd)2
. (8)
where the radiative damping (5) is substituted. The ul-
timate limit min |tL|2 = 0 is achieved only if simultane-
ously m′− = 0 and |m−|2 = 2γd.
Therefore, the maximum chirality requires m+ =
m′− = 0, i.e., eigenstates selectively decoupled from the
free-space continuum. The second condition reduces by
Eq. (5) to
γr = γd (9)
which is a classical critical coupling regime [19] of a res-
onator receiving from the continuum exactly the amount
of energy it is capable to dissipate.
To summarize, CMT unambiguously points out that
for the maximum optical chirality a metasurface has to:
• host eigenstates selectively coupled to circularly po-
larized waves: e.g. the “+” state uncoupled from
the RCP waves incident on one side and the “–”
state uncoupled from the LCP waves incident on
the other side;
• fully absorb the light of opposite circular polariza-
tions in the critical coupling regime.
Note that the phenomenological approach requires a
metasurface performing identically from its both sides,
e.g., being coupled with m+ = 0 and |m−|2 = 2γd to the
waves on one side and with m′− = 0 and |m′+|2 = 2γd
on the other side. This can be automatically ensured by
restricting to flipping symmetric designs.
Achieving maximum optical chirality requires precise
control of the coupling of eigenstates to the free-space
continuum. In the following, we present a step-by-step
design of such eigenstates starting from fully uncoupled
BICs and carefully enabling their selective coupling by
symmetry breaking perturbations.
Consider a planar lattice of pairs of parallel dielectric
bars shown in Fig. 2(a). The lattice is reflection symmet-
ric with respect to three types of mirror planes: those
indicated as σ1 and σ2, and the plane of drawing. All
3(a)                          (b) 
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FIG. 2. Shaping q-BIC chirality by symmetry breaking: (a)
a dimer of parallel bars and their lattice hosting BIC reso-
nances; (b) a dimer of bars vertically offset by d and rotated
by θ, and a unit cell of their lattice hosting chiral q-BIC reso-
nances. All bars are identical and the colours indicate location
on different levels. Two types of mirror symmetry planes are
shown by σ-lines in (a). The lattice constant a is shown in
(b). Relative orientation and offset of electric dipole moments
characterising BIC and q-BIC eigenstates are shown on the
top for each dimer type.
dimers are in perfectly symmetric situations as the ver-
tical C2 axes (intersection of planes σ1 and σ2) pierce
exactly through their centres. All resonant eigenmodes
transform according to the irreducible representations of
the C2 group and, among those, there is a symmetric
A-representation. The electric resonance of this symme-
try is described by a pair of antiparallel dipole moments
p1 = −p2 shown on the top of Fig. 2(a).
To estimate the coupling parameter of a dimer eigen-
state to a vertically incident plane wave polarized along a
unit vector e and having a wavevector k along the z-axis,
one can integrate the incident wave field with the eigen-
state field or, equivalently, with its current density [9, 17]:
me ∝
∫
V1,V2
dr (j(r) · e) eikz, (10)
where V1,2 are the volumes of dielectric bars. For each
volume, the integral yields the dipole moment of the cor-
responding bar, and the antiparallel dipole eigenstate is
uncoupled of all incident polarizations as:
me ∝ p1 · e + p2 · e = 0. (11)
This is a perfect BIC with respect to all normally incident
waves.
Introducing weak symmetry breaking transforms BIC
into q-BIC. As has been studied in much detail [9], di-
verging the bars by an in-plane angle θ eliminates the
mirror symmetry plane σ2 and the rotational symme-
try C2. The coupling parameters estimated as integrals
of the eigenstate currents with the wave fields polarized
along e±:
m± ∝ p1 · e± + p2 · e± = i
√
2p sin θ. (12)
are helicity independent, as the structure retains certain
mirror symmetries.
An out-of-plane symmetry breaking can be introduced
by a small vertical offset d of bars within each dimer
eliminating the mirror plane σ1 together with the C2 axis.
The corresponding coupling parameters:
m± ∝ p1 · e± + p2 · e±eikd = i
√
2peikd/2 sin kd/2. (13)
are also achiral, as certain mirror symmetries remain.
Combining the offset by d with the rotation by θ, as
illustrated in Fig. 2(b), breaks all mirror symmetries.
Packing the dimers in the depicted square lattice ensures
the C4 rotational and flipping symmetries. The coupling
parameters estimated as m± ∝ p1 · e± + p2 · e±eikd =
i
√
2peikd/2 sin (kd/2∓ θ), elucidate the rise of optical chi-
rality. For the flipping symmetry, the coupling to the
waves incident on the other side is the same up to a he-
licity interchange: m′± ∝ i
√
2peikd/2 sin (kd/2± θ).
Remarkably, maximizing the q-BIC chirality is possible
by a simple adjustment of the offset and rotation as
θ = kd/2, (14)
which ensures m+ = m
′
− = 0. Under this condition, the
remaining coupling parameters
m− = m′+ ∝ i
√
2peiθ sin(2θ) (15)
are controlled by θ and allow continuous tuning to match
the dissipation in the critical coupling regime (9).
To validate the symmetry-based analysis, we numer-
ically study a particular structure using Comsol Multi-
physics. To keep relevance with available materials (sili-
con and germanium), we model bars consisting of dielec-
tric having complex refractive index n = 4+iκ with small
extinction coefficient κ. For simplicity, the background
refractive index is set to unity. The dimensions of ellip-
tical bars are l = 220 nm, w = 70 nm and h = 100 nm
(see Fig. 2). The gap between parallel bars is set to 15
nm and the square lattice constant a = 480 nm excludes
diffraction in the considered wavelength range.
First, we simulate the transmission of normally inci-
dent light by achiral lattices of parallel bar dimers, dimers
diverged by an in-plane rotation by θ = 3◦, and dimers
with an out-of-plane offset d = 10 nm. In all three cases,
the transmission is polarization insensitive. As seen in
Fig. 3(a), the transmittance spectra stay generally very
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FIG. 3. Simulated transformation of BIC into maximum chiral q-BIC. Transmittance spectra of achiral structures (a) comprised
of parallel bar dimers, dimers rotated by θ and dimers offset by d, exhibit strong MD resonance and sharp q-BIC resonance
controlled by rotation and offset. RCP and LCP transmittance spectra (b) of chiral structures with equal offset and different
rotation angles. RCP and LCP transmittance spectra (c) of structures with q-BIC uncoupled from RCP waves for different
extinction coefficient κ with the inset comparing simulated minimum transmittance with that predicted by CMT Eq. (16).
Polarisation distribution (d) in maximum chiral q-BIC for κ = 0.01, θ = 3.5◦, and d = 10 nm excited by linearly polarized light
of λ = 596.5 nm: distribution of real (red cones) and imaginary (blue cones) polarisation vector components are juxtaposed
with the colourmap of average polarization. Spectra of transmittances (e), CD (f), and OR (inset in (f)) of structures hosting
maximum chiral q-BICs with symmetry breaking parameters and losses following the scaling rule θ2 ∝ d2 ∝ κ.
close exhibiting a broad minimum at about the 560 nm
wavelength associated with the magnetic-dipole (MD)
resonance. Close to the 596 nm wavelength, either of
the two weak symmetry perturbations give rise to much
sharper q-BIC resonances fully inline with the estimates
(11-13).
To determine the parameters necessary for a q-BIC
uncoupled from RCP waves, we use Eq. (14) to estimate
that the offset d = 10 nm at a 596 nm wavelength re-
quires the angle θ = 3.0◦. Indeed, as shown in Fig. 3(b),
for this angle, the resonance of the RCP transmittance is
weak. However, the ideal uncoupling occurs for θ = 3.5◦.
Further increasing the angle to θ = 4.0◦ restores the res-
onance. We conclude that Eq. (14) specifies geometries
very close to optimal, though a small mismatch arises
due to a slight misalignment of the bar dipole moment
and shape.
Knowing the perfect combination of θ and d, we pro-
ceed to verify the main CMT conclusions. For a proper
chiral q-BIC state isolated from RCP waves by m+ =
m′− = 0, the minimum LCP transmittance at the reso-
nance is given by Eq. (8) with m′− = 0. The remaining
coupling parameter |m−|2 is determined by the bar re-
fractive index, dimensions and packing, while weak dis-
sipation affects it negligibly. The damping, on the con-
trary, is determined by the dissipation as γd ∝ κ.
If a certain value κ = κopt corresponds to the critical
coupling regime, Eq. (8) can be expressed as:
min |tL|2 =
(
κopt − κ
κopt + κ
)2
, (16)
Accordingly, we keep all other parameters fixed and sim-
ulate the transmission of structures with different κ, as
illustrated in Fig. 3(c). Decreasing κ drastically elevates
the |tL|2 minimum as the losses are critical for the opti-
cal chirality. Increasing κ far above 0.01 also negatively
affects the chirality, elevates the |tL|2 minimum and sup-
presses |tR|2. Plotting min |tL|2 values as a function of
κ and fitting them by the simple dependence (16) (see
the inset in Fig. 3(c)), validates the CMT conclusions
and precisely determines κopt = 0.01. The inner struc-
ture of the chiral q-BIC state is illustrated in Fig. 3(d)
by the polarisation distribution within a unit cell of the
structure illuminated by linearly polarized wave. Only
the LCP part interacts with the chiral q-BIC and excites
the polarisation currents of the e− helicity: anticlockwise
rotation by pi/2 is equivalent to multiplication by i.
Finally, combining Eqs. (15) and (14) reveals a general
5rule: the maximum chirality is established with the three
small parameters scaling as θ2 ∝ d2 ∝ κ. To verify this,
we simulate the transmission of structures with doubled
and halved κ and with θ and d varied accordingly by a
factor of
√
2. As shown in Fig. 3(e), the structures indeed
host q-BICs with maximal chirality, their CD spectra in
Fig. 3(f) possess resonances of unit height accompanied
by typical OR kinks shown in the inset.
As the Si refractive index at λ = 595 nm is nSi =
3.948 + 0.021i [20], the broader resonance in Figs. 3(f,e)
describes a practically available realization. Lower ex-
tinction coefficients of 0.01 and 0.005 correspond to Si at
∼ 700 nm and ∼ 800 nm, respectively. Sharper CD reso-
nances available in the near IR range require fabrication
technique supporting precise nanometer-scale offsets.
In conclusion, we have developed the concept of chiral
BIC metasurfaces transmitting one circular polarisation
and resonantly blocking the opposite polarization. Our
design strategy is applicable for maximizing the optical
chirality of other types of metasurfaces operating in the
visible and near IR spectral ranges.
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In the Supplemental Material we (i) analyze the S-matrix symmetry and derive Eq. (2) of the
main text, and (ii) provide a rigorous formulation of CMT yielding Eqs. (6–9) of the main text.
S-MATRIX OF ROTATIONALLY SYMMETRIC CHIRAL METASURFACE
Consider a light transmitting metasurface possessing a rotational symmetry axis of the N -th order (CN -symmetry)
with incoming transversal waves incident normally on its both sides. As we show, the main advantage of rotationally
symmetric metasurfaces with N ≥ 3 is that they affect the light polarization only due to their intrinsic chirality.
To reveal the most general features of light transmission and reflection following from the fundamental principles
of symmetry and reciprocity, we start with the S-matrix in the basis of linear polarizations. For the transversal waves
propagating along the z-axis, the S-matrix equation reads as
b = Sa, or expressed by components :

bx
b′x
by
b′y
 =

S11 S12 S13 S14
S12 S22 S23 S24
S13 S23 S33 S34
S14 S24 S34 S44


ax
a′x
ay
a′y
 (S1)
where ai and a
′
i are the components of the amplitudes of waves incident on different sides, and bi and b
′
i are those of
the waves outgoing from different sides. The S-matrix is symmetric due to Lorentz reciprocity.
N -th order rotational symmetry implies the S-matrix invariance with respect to a rotation about the z-axis by an
angle φ = 2pi/N . Using corresponding coordinate transform matrix
Tφ =

cosφ 0 sinφ 0
0 cosφ 0 sinφ
− sinφ 0 cosφ 0
0 − sinφ 0 cosφ
 (S2)
and requiring that S(xy) = TφS
(xy)TTφ one obtains S33 = S11, S44 = S22, S34 = S12, S23 = −S14, S13 = S24 = 0,
 bb
 aa   bb

 aa
x
y
z
FIG. S1. Sketch of the transmission-reflection problem for a rotationally symmetric metasurface described by Eq. (S6).
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2which reduces the S-matrix to:
S(xy) =

S11 S12 0 S14
S12 S22 −S14 0
0 −S14 S11 S12
S14 0 S12 S22
 . (S3)
Transformation from the Cartesian coordinate basis ex,y to the helical basis e± = (ex ∓ iey)/
√
2 is performed by
the matrix
Tc =
1√
2

1 0 −i 0
0 1 0 −i
1 0 i 0
0 1 0 i
 , (S4)
and the S-matrix in the “±” basis obtained as S = TcS(xy)T†c reads:
S =

S11 S12 + iS14 0 0
S12 − iS14 S22 0 0
0 0 S11 S12 − iS14
0 0 S12 + iS14 S22
 . (S5)
The analogue of Eq. (S1) in the helical basis reads as:
b+
b′+
b−
b′−
 =

r tL 0 0
tR r
′ 0 0
0 0 r tR
0 0 tL r
′


a+
a′+
a−
a′−
 , (S6)
which is introduced as Eq. (2) and allows identifying the matrix elements in Eq. (S5) with LCP and RCP transmission
amplitudes, tL and tR, and the amplitudes of reflection from different metasurface sides, r and r
′. The block diagonal
form of the S-matrix in Eq. (S6) determines independence of the transmission-reflection problems for the “ + ” and
“− ” helicities.
Therefore, the symmetry and reciprocity require that the transmission amplitudes of waves of opposite helicity
incident on different metasurface sides (same circular polarization) are equal, and that the reflection amplitudes are
helicity independent, i.e., achiral.
CHIRAL COUPLED-MODE THEORY
Metasurface optical response is dominated by its resonances. Coupled-mode theory (CMT) provides very convenient
description of such systems and allows deriving a particular form of the S-matrix expressed by a few phenomenological
parameters of clear meaning [S1, S2]. The usual key assumption of the CMT approach is the weakness of dissipation
losses. Then, at the first step, one considers a lossless metasurface, implies the requirements of symmetry, reciprocity
and reversibility, and establishes many useful relations between the model parameters. Next, weak dissipation losses
are introduced providing certain corrections and, in particular, giving rise to the optical chirality.
Metasurface eigenstates can be formally obtained as solutions of source-free Maxwell’s equations:
∇×∇×E(j)(r)− ε(r)ω
2
j
c2
E(j)(r) = 0, (S7)
where the states are enumerated by the index j and outgoing wave conditions at z → ±∞ are imposed on E(j). The
metasurface structure is described by inhomogeneous permittivity ε(r) The inherent dissipation and radiative energy
losses determine small negative imaginary part of the eigenfrequencies ωj . The metasurface rotational symmetry
determines the eigenstate E(j)(r) symmetry. The connection is universally described by the group theory apparatus
involving appropriate irreducible point group representations [S3].
Consider the consequences of the C4 metasurface rotational symmetry implying its invariance upon rotation by
pi/2 about the z-axis. The rotation transforms the coordinates as x′ = y, y′ = −x and z′ = z and the metasurface
3symmetry means that ε(x, y, z) = ε(y,−x, z). Upon such rotation, the eigenstate field components interchange and
may acquire phase factors:
E(j)x (x, y, z) = exp(ipij/2) E
(j)
y (y,−x, z), (S8)
E(j)y (x, y, z) = − exp(ipij/2) E(j)x (y,−x, z), (S9)
E(j)z (x, y, z) = exp(ipij/2) E
(j)
z (y,−x, z). (S10)
where only the numbers j = −1, 0, 1, 2 are meaningful and ensure that performing the rotation 4 times yields the
initial state.
As eigenstates of an open resonator, E(j)(r) posses the far field asymptotics of transversal plane waves outgoing
in the ±z directions, i.e., having the nonzero components E(j)x (z) and E(j)y (z) depending only on the z-coordinate.
Not all numbers j are compatible with this. For j = 0, one must simultaneously satisfy E
(0)
x (z) = E
(0)
y (z) and
E
(0)
x (z) = −E(0)y (z). For j = 2, a pair of other incompatible equalities, E(2)x (z) = −E(2)y (z) and E(2)x (z) = E(2)y (z),
must hold true. Therefore, the eigenmodes with j = 0, 2 are true BIC states topologically isolated from the continuum.
The eigenmodes with j = ±1 asymptotically transform into plane waves obeying the relations E(±1)x (z) =
±iE(±1)y (z), i.e., polarized with a certain helicity. By the symmetry, each of the two eigenmodes is coupled to
one of the two independent transmission-reflection problems described by Eq. (S6). As has been shown in Ref. [S3],
Lorentz reciprocity ensures that their eigenfrequencies are equal, i.e., ω±1 = ω0 − iγ0.
To describe the interaction of metasurface with electromagnetic radiation oscillating with a real frequency ω, one
characterizes the eigenstates by slow-varying amplitudes P±, and their particular normalization in a phenomenological
CMT is of minor importance [S4]. Introducing for compactness the vector of these amplitudes P = (P−, P+)T we
write the equation describing how the incident waves excite the eigenstates as:
dP
dt
= [i(ω − ω0)− γ0]P+Ma, (S11)
where the matrix
M =
(
m+ m
′
+ 0 0
0 0 m− m′−
)
(S12)
describes the coupling of the incident waves with the eigenmodes, and the vector of the incident wave amplitudes a
is the same as in the r.h.s. of Eq. (S6).
Similarly, the irradiation of the outgoing waves is described by another CMT equation:
b = NP+Ca, (S13)
where the vector of outgoing wave amplitudes b is the same as in the l.h.s. of Eq. (S6), while the matrix
N =

m− 0
m′− 0
0 m+
0 m′+
 (S14)
stands for the irradiation of circularly polarized waves by the corresponding resonances and is related to the matrix
(S12) by Lorentz reciprocity. The S-matrix of direct transmission is supposed to be achiral and free of dissipation:
C =

ρ τ 0 0
τ ρ 0 0
0 0 ρ τ
0 0 τ ρ
 , (S15)
where |τ |2 + |ρ|2 = 1. The stationary state of Eqs. (S11) and (S13) determines that the S-matrix from Eq. (S6) reads
as:
S = C− NM
i(ω − ω0)− γ0 . (S16)
4Coupled-mode theory without dissipation
Totally neglecting the eigenstate energy dissipation losses one may require Eqs. (S11) and (S13) to be symmetric
with respect to the time reversal. Time reversibility of the background S-matrix requires its unitarity: Cˆ† = Cˆ−1.
Note that for a symmetric matrix, the Hermitian transpose is equal to the complex conjugate: Cˆ† = Cˆ∗. If a set a,
b, and P satisfies Eqs. (S11) and (S13), so should do their time-reversed counterparts a˜, b˜, and P˜ expressed as:
a˜ = Tb∗, b˜ = Ta∗, P˜ = TPP∗, (S17)
with the help of matrices T and TP producing the helicity interchange +↔ − :
T =

0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0
 , TP = ( 0 11 0
)
. (S18)
Substituting the amplitudes (S17) into Eq. (S13) and multiplying by the matrix T from the left side yields:
a∗ = TN∗TPP∗ + b∗, (S19)
where we have used that T2 = 1, TCT = C for the matrix given by Eq. (S15). Noticing that TN∗TP = M† for the
matrices given by Eq. (S12) and Eq. (S14) and taking the complex conjugate, we obtain
b = −CM†P+Ca. (S20)
Comparing it with Eq. (S13) one identifies an important condition:
CM† = −N. (S21)
The set of time-reverse amplitudes (S17) also obeys Eq. (S11) with the inverse time derivative sign. Multiplying it
with TP from the left and taking the complex conjugate yields
−dP
dt
= [−i(ω − ω0)− γ0]P+N†b. (S22)
where the property TPM
∗T = N† has been used. Now one can substitute the amplitudes b as defined by Eq. (S13)
and obtain:
dP
dt
= [i(ω − ω0) + γ0]P−N†NP−N†Ca. (S23)
Expressing (S21) as N†C = −M and comparing with Eq. (S11) one concludes that the time reversal symmetry
requires that
2γ0 = 2γr = N
†N = |m+|2 + |m′+|2 = |m−|2 + |m′−|2, (S24)
In the absence of dissipation, the damping constant γ0 equals the radiative damping constant γr directly determined
by the eigenstate coupling to the free-space continuum.
Coupled-mode theory with a weak dissipation
Now we introduce weak dissipation losses and consider the S-matrix (S16) when the eigenstates experience both
dissipative and radiative damping so that their eigenfrequencies are ω0−iγ0 = ω0−i(γr+γd). Other model parameters
are supposed to remain unaffected by the weak dissipation. Then using the relations (S21) and (S24) one can evaluate
S†S ==
[
C† − M
†N†
−i(ω − ω0)− γ0
] [
C− NM
i(ω − ω0)− γ0
]
= 1+
[
1
−i(ω − ω0)− γ0 +
1
i(ω − ω0)− γ0
]
M†M
+
M†N†NM
|i(ω − ω0)− γ0|2 = 1−
2γ0M
†M
(ω0 − ω)2 + γ20
+
2γrM
†M
(ω0 − ω)2 + γ20
= 1− 2γdM
†M
(ω0 − ω)2 + γ20
, (S25)
5which shows that the S-matrix loses its unitarity in the presence of γd. This breaks the energy conservation together
with the reversibility of the system.
According to the S-matrix equation (S6), the main diagonal of the difference 1−S†S contains the absorption rates
for different circular polarizations and sides of incidence. From Eq. (S25) we can express them as:
AR = 1− |r|2 − |tR|2 = 2γd|m+|
2
(ω0 − ω)2 + γ20
, (S26)
AL = 1− |r|2 − |tL|2 = 2γd|m−|
2
(ω0 − ω)2 + γ20
, (S27)
A′R = 1− |r′|2 − |tR|2 =
2γd|m′−|2
(ω0 − ω)2 + γ20
, (S28)
A′L = 1− |r′|2 − |tL|2 =
2γd|m′+|2
(ω0 − ω)2 + γ20
. (S29)
i.e., as all exhibiting the same Lorentzian frequency dispersion.
The transmission amplitudes can be explicitly expressed as components of the S-matrix (S16):
tR = τ −
m+m
′
−
i(ω − ω0)− γ0 (S30)
tL = τ −
m′+m−
i(ω − ω0)− γ0 (S31)
Note that each of these values appears independently as two elements of the S-matrix in Eq. (S6). The equality
of those elements follows from Lorentz reciprocity and it is fulfilled as we have thoroughly imposed all reciprocity
requirements in CMT equations.
A relation very helpful for understanding the limits of optical chirality can be obtained by taking the difference of
Eqs. (S27) and (S26):
|tR|2 − |tL|2 = 2γd |m−|
2 − |m+|2
(ω − ω0)2 + (γr + γd)2 . (S32)
It emphasizes the crucial role of dissipative damping for chirality and shows that the frequency dispersion of CD thas
also a clear Lorentzian shape. The maximum CD value is reached at ω = ω0.
[S1] J. W. Yoon, M. J. Jung, S. H. Song, and R. Magnusson, Analytic theory of the resonance properties of metallic nanoslit
arrays, IEEE J. Quantum Electron. 48, 852 (2012).
[S2] A. V. Kondratov, M. V. Gorkunov, A. N. Darinskii, R. V. Gainutdinov, O. Y. Rogov, A. A. Ezhov, and V. V. Artemov,
Extreme optical chirality of plasmonic nanohole arrays due to chiral fano resonance, Phys. Rev. B 93, 195418 (2016).
[S3] B. Hopkins, A. N. Poddubny, A. E. Miroshnichenko, and Y. S. Kivshar, Circular dichroism induced by Fano resonances
in planar chiral oligomers, Laser & Photonics Rev. 10, 137 (2015).
[S4] F. Alpeggiani, N. Parappurath, E. Verhagen, and L. Kuipers, Quasinormal-mode expansion of the scattering matrix, Phys.
Rev. X 7, 021035 (2017).
